A theoretical scaling analysis is conducted to propose nondimensional criteria to predict weak and strong ignition regimes for a compositionally homogeneous reactant mixture with turbulent velocity and temperature fluctuations. This leads to a regime diagram that provides guidance on expected ignition behavior based on the thermo-chemical properties of the mixture and the flow/scalar field conditions. The analysis extends the original Zeldovich's theory by combining the turbulent flow and scalar characteristics in terms of the characteristic Damköhler and Reynolds numbers of the system, thereby providing unified and comprehensive understanding of the physical and chemical mechanisms controlling autoignition. Estimated parameters for existing experimental measurements in a rapid compression facility show that the regime diagram predicts the observed ignition characteristics with good fidelity.
INTRODUCTION
Towards clean and efficient energy utilization, new strategies in combustion devices for both automotive and stationary applications operate using lean, nearly homogeneous reactant mixtures at boosted pressure and preheated conditions. These include aircraft engines operating at higher inlet temperatures (Lieuwen and Yang, 2013) , low temperature combustion engines (Lavoie et al., 2010) , and stationary gas turbines using lean premixed combustion (US DOE, 2009 ), among many examples. Under these conditions, autoignition often becomes a dominant process for burning. As such, accurate prediction of autoignition characteristics-the ignition delay times as well as the entire evolution of the fuel consumption behavior-is of paramount importance in successful implementation of the combustion systems.
Historically, the subject of autoignition and slow versus rapid combustion has been extensively studied in the context of detonation and explosion research. Earlier experimental studies of shock-induced ignition reported distinct ignition behavior, referred to as the "weak" and "strong" ignition regimes, for which the importance of the ignition delay time sensitivity, dτ ig /dT, was recognized (Meyer and Oppenheim, 1971; Oran and Boris, 1982; Oran et al., 1982) . It was found that the dτ ig /dT iso-lines serve as a rational criterion to distinguish the different ignition regimes. A theoretical study by Zeldovich (1980) proposed criteria for ignition regimes, classified as detonation, spontaneous propagation, and normal flame. The issue of premature ignition by local hot spots within a shock tube has also been revisited in recent studies (Javed et al., 2015; Uygun et al., 2014) .
Recognizing the general interest in fundamental characterization of autoignition phenomena, the present study was further motivated by the recent research activities on combustion of coal-derived syngas in gas turbines as a new strategy for clean utilization of coal (US DOE, 2009 ). Due to the high flame temperatures and NO x emissions associated with high hydrogen content fuels like syngas, a common combustion strategy is to operate in the lean premixed mode (Richards et al., 2001) . In such conditions, combustion stability depends more highly on autoignition characteristics (Lieuwen et al., 2008) . As for the autoignition characteristics of syngas mixtures at typical gas turbine operating conditions (20 bar and above), a compilation of recent experimental and computational studies was reported in Petersen et al. (2007) , showing a wide range of discrepancies between measurements and predictions based on homogeneous adiabatic calculations with detailed chemistry, especially at low temperature (<1000 K) conditions. Subsequently, a number of studies followed in order to identify the main cause of such discrepancies. Experimental studies using rapid compression facilities (RCF) reported a possibility that the discrepancies may be attributed to the non-uniform temperature and mixture fields arising from wall heat loss and flow vortex generation (Mittal et al., 2006; Walton et al., 2007) . A recent study by Mansfield and Wooldridge (2014) conducted imaging experiments of syngas autoignition within an RCF, and reported an early phase front propagation, called the "weak" ignition regime, at low temperature conditions. They also confirmed that the ignition delay in such conditions is significantly shorter, by several factors, than the corresponding homogeneous ignition delay prediction. A pressuretemperature diagram was provided to distinguish between the weak and strong ignition regimes. Moreover, several criteria to identify the transition between weak and strong ignition regimes were evaluated, including the criterion by Zeldovich (1980) . The modified formula proposed by Sankaran et al. (2005) , based (in part) on the ignition delay time sensitivity, dτ ig /dT, was found to reproduce the experimentally observed trends very well. To corroborate experimental findings, Ihme and co-workers (Ihme, 2012; Wu and Ihme, 2014) used simple one-and two-dimensional models to demonstrate that the presence of turbulent fluctuations can lead to significant ignition advancement. These recent series of findings have led to a consensus in the community that scalar non-uniformities are the likeliest causes of the discrepancies between zero-dimensional modeling and the experimental autoignition delay time data (Dryer et al., 2014) .
Considering the established significance of thermal and compositional nonuniformities on autoignition characteristics, the main objective of the present work is to extend the understanding to develop a rational criterion to predict the conditions associated with the different autoignition regimes for general turbulent mixing conditions. To this end, Downloaded by [Ecole Centrale Paris] at 00:35 10 June 2015 the diagrams shown in the experimental studies (Mansfield and Wooldridge, 2014; Meyer and Oppenheim, 1971) , which focused on a regime criterion solely based on chemical characteristics of the ignition sensitivity, are not sufficient; such a criterion lacks other potentially important information about the level of scalar fluctuations that trigger the front initiation and propagation.
To elaborate further, the Zeldovich criterion (Zeldovich, 1980) , which was further refined and demonstrated by Sankaran et al. (2005) , defines the nondimensional number, Sa, as:
is the spontaneous ignition front propagation speed, and τ ig is the ignition delay time for the homogeneous mixture at the average or bulk temperature. The factor β < 1 reflects the fact that sufficiently rapid spontaneous front propagation is needed in order to ensure strong ignition. Hereinafter, Eq. (1) will be referred to as the Zeldovich-Sankaran criterion. The ignition regime criterion predicts a weak ignition if Sa > 1, as the deflagration front dominates the ignition behavior, and strong ignition if Sa < 1, in which case the spontaneous ignition process dominates. Therefore, it is evident that the ignition regimes are determined by the ignition delay sensitivity (dτ ig /dT) and the temperature distribution (∇T), which is determined by the scalar field distribution. In RCF and shock tube autoignition studies of syngas, thermal gradients on the order of 5 K/mm are expected (Mansfield and Wooldridge, 2014) ; however, systematic studies of the effects of flow and scalar field fluctuations are needed to expand the predictive regime diagram to realistic combustion devices where much larger temperature gradients can be expected.
This study presents a theoretical scaling analysis to extend the regime criterion in terms of nondimensional parameters that are commonly used in characterizing turbulent combustion systems. In the following, the relevant physical quantities are identified and simplifying assumptions are introduced. Subsequent derivations of relevant scaling relations then lead to the ignition regime criterion with turbulent combustion parameters. The predicted regime diagram is then validated by the evaluation of the conditions encountered in experimental measurements. Figure 1 shows a schematic of the problem under consideration and important characteristic quantities. The length scales include the chamber length, L, the integral eddy scale, , the Taylor microscale, λ, and the deflagration flame thickness, δ f . In general, is considered a fraction of L, and λ/ scales with the turbulent Reynolds number as will be discussed later. The laminar flame speed, S L , and the root mean square (RMS) turbulent velocity fluctuation at the integral scale, u , are important velocity scales that will be compared to the other relevant velocities to be determined later. For the scaling analysis, the following simplifications and assumptions are made: such as local hot spots, and the effects of large scale bulk temperature gradients, such as gradients caused by wall heat losses, are not considered. This is based on the experimental observations that early stage ignition kernels are often generated in the interior of the combustor, not necessarily near the wall region. 2. The mixture composition is homogeneous, and only the temperature fluctuations are considered. The scales of initial temperature and velocity fluctuations are comparable and correlated. 3. The Prandtl number of the mixture is unity, so that combined with assumption 2, the dissipation of temperature fluctuations is mainly driven by turbulent flows. This implies that the time and length scales for turbulent velocity and scalar fields are the same (i.e., the Batchelor scale is identical to the Kolmogorov scale).
PROBLEM DEFINITION AND ASSUMPTIONS
To characterize the turbulent velocity and scalar fields, key nondimensional parameters are introduced. Following the framework of Liñán and Williams (1993), a rational way to characterize turbulent combustion systems is to use the turbulent Reynolds number, which represents the intensity of turbulence, and the characteristic turbulent Damköhler number, which represents the intensity of chemical reaction. For the integral scale eddy whose velocity, length, and time scales are characterized by u , , τ = /u , respectively, the turbulent Reynolds number is defined as:
where ν is the kinematic viscosity of the bulk mixture gas. As for the measure of the chemical intensity, two ignition Damköhler numbers are defined as: 
is referred to as the mixing Damköhler number, where τ ig is the ignition delay time for the homogeneous reactant mixture at the bulk temperature, τ λ T is the mixing time scale associated with the Taylor microscale for the temperature field, λ T . The mixing time scale and the Taylor microscale are determined in terms of the RMS temperature fluctuation, T , and the mean temperature dissipation rate, 2α |∇T| 2 , written as:
In analogy with those of the Taylor microscales for velocities:
Based on assumption 3, it follows that the mixing time and length scales for temperature are interchangeable with those for turbulent velocities, such that:
SCALING ANALYSIS
The main objective of the scaling analysis is to derive an expression for the Zeldovich-Sankaran criterion in terms of the characteristic Reynolds and Damköhler numbers. Recalling from the theory of homogeneous turbulence (Tennekes and Lumley, 1972) , the scaling relation yields:
It follows that
The significance of Da λ is that it is the ratio of the characteristic temperature dissipation time to the characteristic ignition delay time at the bulk mean temperature. Therefore, if Da λ < 1, the temperature fluctuations are dissipated before ignition occurs, thus it is unlikely to exhibit the weak ignition behavior triggered by reaction front propagation. The next step is to extend the Zeldovich-Sankaran criterion, Eq. (1), to turbulent conditions. To this end, it is assumed that the occurrence of the hot-spot-induced pre-ignition is proportional to the statistical mean temperature gradient, such that Downloaded by [Ecole Centrale Paris] at 00:35 10 June 2015
where it is estimated that
Therefore, Eq. (10) is written as:
which includes the length scale ratio, δ f / , where δ f is the characteristic flame thickness. Following Liñán and Williams (1993):
where it is noted that the integral Damköhler number in Liñán and Williams (1993) was defined differently from Eq. (3) above, and was based on the flame time scale, τ f = δ f /S L . Therefore, the factor τ ig /τ f must be included. Combining Eqs. (12) and (13), the turbulent ignition regime criterion can be written as:
where K is referred to as the normalized thermal ignition sensitivity. In comparison with the laminar version in Eq. (1), S L |∇T| has now been expressed as T /τ * Da −1/2 through the dimensional scaling, with a reduced time scale, τ * = τ f τ ig 1/2 . The final ignition regime criterion becomes:
Da < K 2 : weak ignition Da > K 2 : strong ignition
As discussed with Eq. (9), an additional condition of Da λ = Da Re −1/3 > 1 needs to be satisfied to ensure weak ignition, since otherwise the temperature fluctuations are likely to dissipate away before the front forms. Finally, Da < 1 would ensure an even stronger mixing scenario, since eddies at all scales would have time scales shorter than the ignition delay time, such that all temperature fluctuations would be dissipated and only strong ignition would be expected. Downloaded by [Ecole Centrale Paris] at 00:35 10 June 2015
THE REGIME DIAGRAM AND DISCUSSION
Compiling the above scaling analysis leads to the regime diagram as shown in Figure 2 . The autoignition processes in nearly homogeneous mixtures with turbulent fluctuations are characterized in the Da-Re space, to represent the relative chemical and turbulence intensities determined by the chemistry, thermodynamics, and turbulent transport in the gas mixture. It is shown that the primary factor to determine the ignition regime is Da , while Re modifies the conditions further.
First, for a given Re , the Zeldovich-Sankaran criterion indicates that the weak/ mixed ignition regime is possible for 1 < Da < K 2 . If Da > K 2 , then the reactant mixture is either too reactive (small τ ig ) or the mixture ignition characteristics are not sensitive to the temperature fluctuations (small dτ ig /dT), such that the entire mixture ignites almost at the same time despite some level of temperature fluctuations. This is referred to as the reaction-dominant strong ignition regime. On the other hand, if Da < 1, then the turbulent mixing is rapid (small τ ), such that the temperature fluctuations are dissipated before the local ignition takes place. In contrast to the Da > K 2 case, this is referred to as the mixingdominant strong ignition regime. Note that the K parameter includes the ignition delay sensitivity, which is more than just a time-scale characterization, and depends strongly on the ignition chemistry of the specific fuel.
Between the limits 1 < Da < K 2 , weak ignition is possible; however, the mixing Damköhler number, Da λ , provides an additional criterion for this region of the regime diagram. Considering that the dynamics of turbulent mixing and dissipation are commonly characterized by the Taylor scale, λ, a proper criterion to determine the mixing-dominant strong ignition would be the ratio of the Taylor mixing time, τ λ , to the ignition time, τ ig . Therefore, the Da λ = 1 condition serves as a more refined criterion within the limits of 1 < Da < K 2 to further identify the boundary between the weak and strong ignition regimes. Considering Eq. (9), this line appears on the regime diagram with a slope of 1/3, indicating that the occurrence of weak ignition phenomena will become less likely as the turbulent Reynolds number of the mixture increases. Still, the conditions between Da λ < 1 and Da > 1 are a "grey" zone, in that some mixed mode ignition in which a mild level of front propagation followed by a strong ignition may occur. This is denoted as the mixing-dominant mixed/strong ignition regime.
The regime diagram serves as a qualitative guidance to the expected ignition behavior. The appropriate autoignition regime can be identified given the knowledge of the thermochemical properties of the mixture (e.g., pressure, temperature, reaction chemistry, etc.), and the characteristic turbulent flow parameters (e.g., Reynolds number, turbulence/scalar fluctuation intensity, etc.). If the initial condition of the mixture falls into the weak ignition or mixed/strong ignition regimes, then large discrepancies in the ignition delay prediction against the measured data can be expected and must be treated carefully.
To validate that the proposed regime diagram predicts the ignition characteristics in actual systems, the experimental data for syngas autoignition by Mansfield and Wooldridge (2014) are processed and plotted on the regime diagram, as shown in Figure 3 . The homogeneous ignition delay times are computed using CHEMKIN (Kee et al., 1989) calculations with the detailed reaction mechanism by Li et al. (2007) . The experimental conditions, the types of the observed ignition behavior, and the corresponding regime diagram parameters are provided in Table 1 . The turbulence parameter estimation was difficult, as no detailed measurements of flow field fluctuations were available, as is often the case with many ignition experiments. Therefore, estimations were made based on the reported mean velocity and a presumed level of turbulence intensity at 1%, turbulence integral length scale, ∼ 0.4L (where L is the dimension of the combustion chamber), and a temperature fluctuation, T ∼10 K. Since the K 2 line also depends on the physicochemical parameters of the mixture, each experimental data point yields a separate horizontal line on the regime diagram. Figures 3a and 3b show a compilation of selected data points corresponding to the strong and weak ignition behavior, respectively. Although not all available data points are shown for clarity, it was confirmed that most of the data points represented ignition behavior consistent with the regime diagram. While there are some uncertainties in the parameter estimations (especially those related to turbulent fluctuations), the experimental data points mapped on the regime diagram are found to be in very good agreement with the proposed theory. More experimental data with detailed flow field measurements will be needed to validate the theoretical prediction for a wide range of device and mixture conditions.
CONCLUDING REMARKS
A theoretical scaling analysis was conducted to develop a regime diagram to predict weak and strong ignition regimes for a compositionally homogeneous reactant mixture with turbulent temperature fluctuations. The diagram provides guidance on expected ignition behavior based on the thermo-chemical properties of the mixture and the flow/scalar field conditions. The analysis is an extension of the previous studies by Zeldovich (1980) and Sankaran et al. (2005) of the characteristic Damköhler and Reynolds numbers of the system. The results of this work provided a more unified and comprehensive understanding of the physical and chemical mechanisms controlling ignition characteristics compared to the existing experimental maps in previous studies (Mansfield and Wooldridge, 2014; Meyer and Oppenheim, 1971) , which were solely based on the ignition delay sensitivity. Downloaded by [Ecole Centrale Paris] at 00:35 10 June 2015 It was recognized that the Zeldovich-Sankaran criterion includes the ignition delay sensitivity, dτ ig /dT, as a critical factor. Therefore, the traditional regime characterization based on the Damköhler and Reynolds numbers (such as those for turbulent premixed combustion regimes), which were based on time scales only, was not sufficient to describe the transitions between weak and strong ignition phenomena, and the introduction to the sensitivity parameter, K, was necessary. The regime diagram further showed how turbulence characteristics would affect the Zeldovich-Sankaran criterion based on the Kolmogorov theory of homogeneous isotropic turbulence.
The Zeldovich-Sankaran criterion indicates that there is a region where mixtures with high K values or high thermal sensitivity are more susceptible to weak ignition. Such conditions are reached with hydrogen/oxygen mixtures at low temperatures and high pressures. Therefore, the theory serves as a reasonable argument that the ignition delay discrepancies observed in syngas mixtures at low temperatures may be attributed to the ignition front propagation triggered by the local temperature peaks.
As for the turbulent combustion modeling implications, the proposed ignition regime diagram serves as a general guideline to identify whether the combustion processes are ignition controlled or flame-propagation controlled. Many turbulent premixed combustion closure models inherently assume a flame-dominant combustion mode, and it is hoped that the present study provides a metric to assess the validity of these models, as a supplement to the commonly-used Borghi diagram (Peters, 2000) .
As a final remark, for higher hydrocarbon fuels that are known to exhibit the negative temperature coefficient (NTC) behavior, there is a broad range of intermediate temperature conditions at which the K value is expected to be low, thus promoting strong ignition. Weak ignition and associated front propagation behavior at NTC conditions have recently been studied (Gupta et al., 2013; Kim et al., 2015; Mansfield et al., 2015; Yoo et al., 2011) . Further work is needed in order to validate the proposed regime diagram and ignition criterion for such complex fuels. Moreover, the sensitivity of the ignition characteristics to different uniform mixture compositions as well as the level of composition fluctuations would introduce further complexities to the problem. Additional detailed computational investigations using direct numerical simulations are underway.
